A previously described unusual form of the protistan parasite Ichthyophonus, differing in morphological and developmental features from I. hoferi sensu Plehn & Mulsow, was recovered from yellowtail flounder Limanda ferruginea Storer from the Brown's Bank area of the Nova Scotia shelf. The nuclear gene encoding the rRNA of the small ribosomal subunit was amplified from this unusual form of Ichthyophonus using the polymerase chain reaction, sequenced and aligned with other eukaryote small subunit (ssu)-rDNAs. Inferred phylogenetic trees clearly show that its ssu-rDNA is distinct from those of 2 isolates of I. hofen sensu Plehn & Mulsow from different hosts and geographical locations (herring in the North Sea, and yellowtail flounder from the Nova Scotia shelf). We consider the unusual form to be a separate species, I. irregularis. The occurrence of a second, distinct type of Ichthyophonus within a single host species raises the possibility that ichthyophoniasis could be produced by different (although related) pathogens, and in some cases, by concurrent infections of the two.
INTRODUCTION

Ichthyophonus hoferi
causes systemic infections in at least 80 species of teleost fish from marine, estuarine and freshwater habitats in both temperate and tropical regions worldwide. Moreover, organisms identified as I. hoferi have been reported as pathogens of elasmobranch fishes, marine and freshwater crustaceans, amphibians, reptiles, and piscivorous birds (for extensive references see Rand 1990 Rand , 1994 .
Ichthyophonus hofen has often been referred to as a fungus, as its morphological and developmental features are reminiscent of those associated with some fungal taxa (see Johnson & Sparrow 1961 , Neish & Hughes 1980 , Alderman 1982 , Rand 1990 ).
More-detailed analysis of the primary literature reveals extensive variability among the morphological, life-history and developmental characters reported for organisms identified as Ichthyophonus hoferi from and for clinical and histopathological features of the associated pathologies in different host fish species (Rand 1990) . Some of these reported differences probably arise from features specific to different hosts or host tissues (see Rand 1990 ). However, sufficient doubts have remained to convince some authorities (Johnson & Sparrow 1961 , MacKenzie 1979 , Neish & Hughes 1980 , Alderman 1982 , Lauckner 1984 , Rand 1990 ) that I. hofen' as currently delineated could, at least in principle, refer to a complex of 2 or more species.
Dis Aquat 01 Rand (1994) took this a step farther by recovering 2 forms of Ichthyophonus from yellowtail flounder Limanda ferruginea collected on the Nova Scotia shelf. These forms differed in their cell wall profiles, intensity of thallus wall staining by Alcain blue CEC, abilities to germinate in vitro without a seawater overlay, morphology of the vegetative thallus, penetration of mycelia into the culture medium, and time-course and nature of spore production in culture. One form was readily referable to Ichthyophonus hoferi sensu Plehn & Mulsow (191 l ) , whereas the other was more similar to the 'I. hoferi' observed by Hendricks (1972) Rand (1994, p. 27) proposed that 'detailed analytical taxonomic approaches involving life-cycle and ultrastructural studies, and direct-sequence-analysis of DNA and RNA molecules from these various pathogens considered to be I. hoferi be undertaken before a new species is claimed'.
Interest in molecular-sequence analysis of possible additional species of Ichthyophonus was heightened by the report (Ragan et al. 1996) , based on analysis of its small subunit (ssu)-rDNA sequence, that I. hoferi sensu Plehn & Mulsow (1911) isolated from Limanda ferruginea is not a fungus. It belongs instead to a novel clade of protistan parasites related to both animals and fungi (and perhaps more closely to animals). Other members of this clade were parasites of various aquatic animals, including fish, and all had been considered to be of uncertain taxonomic position. On this basis, Cavalier-Smith (1998) assigned these organisms to the new taxon Ichthyosporea, according it Class status. Spanggaard et al. (1996) reported that I. hoferi sensu Plehn & Mulsow (1911) isolated from the herring Clupea harengus likewise was related not to fungi, but to the rosette agent of salmon (which according to Ragan et al. 1996 is also a member of Ichthyosporea). Since then, other organisms assignable to Ichthyosporea, based on analysis of their ssu-rDNA sequences, have been recovered from aquatic environments. Thus, molecular-sequence characterization of this possible new form of Ichthyophonus would not only clarlfy the origin of an important systemic disease of fish, but could expand our understanding of organismal diversity within a new and strategically placed taxon of eukaryotic life.
Herein we report the nuclear ssu-rDNA sequence from the distinctive form of Ichthyophonus observed by Rand (1990 Rand ( , 1994 , and we discuss the implications for our understanding of the causes of ichthyophoniasis, and for relationships within Ichthyosporea.
METHODS AND MATERIALS
A total of 222 yellowtail flounder Limanda ferruginea was collected in March 1997 during a groundfish survey of Nova Scotia shelf on the Canadian Fisheries research trawler 'Alfred Needler'. All fish landed during the cruise were captured in a Western IIA bottom trawl with a 2 cm cod end liner towed for 30 min at each fishing station. The body and pericardial cavity of each fish was opened and the fresh viscera inspected macroscopically for lesions considered characteristic of ichthyophoniasis in yellowtail flounder (Rand 1994 ) as soon after capture as possible (usually within 4 h).
Fish considered likely to be infected with Ichthyophonus were frozen at -40°C in toto and taken to the laboratory for further study. Infected tissues were excised, prepared as wet mounts for microscopic confirmation of the presence of Ichthyophonus, and if positive plunged into liquid nitrogen prior to DNA extraction. Ten thalli were excised from infected kidney and liver tissue of 2 fish, placed into PBS buffer (Sambrook et al. 1989 ) and washed 3 times with PBS to remove residual host tissue. Thalli were then crushed by vigorous grinding in microcentrifuge tubes at -196°C. DNA was extracted using the Puregene kit (Gentra), sonicated (3 X 10 S ) , then incubated first with Proteinase K (20 mg ml-l, 55°C 3 h) and thereafter with RNase A (37"C, 30 min). DNA was purified by standard phenolchloroform extraction and ethanol precipitation, dried, and re-suspended in TE buffer (Sambrook et al. 1989 ). ssu-rDNAs were PCR-amplified using the GeneAmp XL PCR kit (Perkin Elmer BioSystems) using universal eukaryotic oligonucleotide primers (GO1 and GO,: Saunders & Kraft 1994). Thirty amplification cycles were carried out (96°C for 30 S, 65°C for 30 S, 72°C for 1 min; PEC 9600 cycler). The amplicon (ca 1850 bp) was PCR-sequenced directly (Perkin Elmer BioSystems' BigDye terminator chemistry) on an AB1 377 automated sequencer.
The resulting ssu-rDNA sequence, which preliminary BLASTN analysis showed was highly similar to that of Ichthyophonus hoferj sensu Plehn & Mulsow (1911) , was aligned in stages against the eukaryotic ssu-rDNA database. Using the alignment editor AE2 (Maidak et al. 1997) , the sequence was first juxtaposed manually with the most similar sequences already in the alignment database so as to maximize sequence similarity. Then, positions with significiant covariations and within potential secondary-structural helices were adjusted so as to maintain base-pairing in the secondary-structure model (reviewed by Gutell et al. 1994) . From the resulting alignment we selected a subset of 49 ssu-rDNAs, including that of the presumed Ichthyophonus from this study, representing phyletically diverse animals, fungi, green plants and green --p --algae, red algae, acanthamoebae and apicomplexa (see Fig. 1 ) . The ssu-rDNA sequence reported for Sphaerosoma arcticum (GenBank Y16260.2) includes several regions of ambiguous data represented as N's; where these aligned with nucleotides in ssu-rDNAs from other organisms (particulai-11. other members of Ichthyosporea), these ambiguous regions were left as N's, whereas when they aligned with gaps in most other ssu-rDNAs (particularly from Ichthyosporea) they were represented as gaps (i.e., '-'). Removal of structural annotations, and empty and sparsely populated columns, yielded a 49 X 1823 matrix on which the results presented herein are based. A further 383 columns corresponding to nucleotides present in only a few species and regions typically associated with sizevariation of loops were further deleted to yield a moreconservative 49 X 1440 matrix. In trees inferred from the latter, several clades (e.g., fungi, acanthamoebae) considered on the basis of overwhelming external evidence to be monophyletic were sometimes broken up, or received only weak bootstrap support; this was taken as evidence that an unacceptable amount of phylogenetic signal had been lost in the construction of this matrix.
Inference of trees was carried out using programs within version 3.53 of the PHYLIP package (Felsenstein 1989) on a Sun Enterprise 4001 server under UNIX. Maximum-likelihood inference was performed using DNAML with global optimization and assuming a transition-to-transversion ratio of 2.00. Parsimony trees were inferred using DNAPARS, with global optimization and 1000 separately nucleated searches for the shortest tree. Parsimony analysis was bootstrapped using SEQBOOT, DNAPARS and CONSENSE. The neighbor-joining tree was generated using DNADIST (assuming Felsenstein's ML model) and NEIGHBOR. The order of sequence addition was randomized (jumbled) in all analyses.
The holotype (DAOM 216137) and representative slides (DAOM 216138) of this new form of Ichthyophonus have been deposited in the National Fungal Collection, William Saunders Building, Agriculture Canada, Ottawa K1A OC8, Canada. Representative material has also been archived in one of our laboratories (that of T.G.R.). The ssu-rDNA sequence of this organism has been deposited in GenBank under the accession number AF232303.
RESULTS AND DISCUSSION
Of the 222 yellowtail flounder collected from the Nova Scotian Shelf, 7 of 47 (15%) yellowtail flounder from Brown's Bank (42" 50' N, 65" 40' W) were infected by the unusual form of Ichthyophonus. All of these were captured in the southwestern region of Brown's Bank. Nine of the other 175 (0.5 '%) yellowtail flounder from the Nova Scotian shelf, and 2 from Brown's Bank, were infected with I. hoferi sensu Plehn & Mulsow (191 1). CO-infections with both I, hofen sensu Plehn & Mulsow and the unusual form of Ichthyophonus were not observed in these collections, although one of us (T.G.R.) has observed such CO-infections on other occasions.
An apparently single amplicon corresponding in mobility to an intron-free nuclear rDNA was generated by PCR and sequenced directly, yielding (as would be expected if only 1 ssu-rDNA had been amplified) clean chromatograms not detectably complicated by background signals. The sequence, which showed highest BLASTN scores against the 2 Ichthyophonus hoferi sequences already in GenBank (scores 3303 and 2940 against U25637 from Llmanda ferrugjnea and U43712 from Clupea harengus, respectively), was readily aligned on the basis of sequence similarity and predicted secondary structure against the eukaryotic alignment ssu-rRNA database. The eukaryotic ssu-rDNA alignment is stable and highly refined, having undergone more than 15 yr of analysis, evaluation and refinement (Gutell 1999) .
Pairwise identity between the new sequence and U25637, the Ichthyophonus hoferj ssu-rDNA reported by Ragan et al. (1996) , is 1723/1751 nucleotides (98.4 %) exclusive of gaps (2 gapped positions, 0.1 %) and the 5' and 3' terminal regions of primer annealing. Pairwise identity values vis-a-vis U43712, the I. hoferi ssu-rDNA reported by Spanggaard et al. (1996) , are more complicated, as the latter sequence lacks a further 28 nucleotides at the 5' end, and l 1 at the 3' end, inside the regions of primer annealing, and moreover contains a few regions of apparently poor sequence resolution in which ambiguously assigned nucleotides (N's) and some unexpected short gaps are found. We estimate the pairwise identity between the Ichthyophonus ssu-rDNA reported herein and U43712 to be about 1683/1718 (98.0%) if all 6 ambiguously assigned nucleotides are resolved as identities. These values are not significantly different than that between the 2 I. hofen ssu-rDNAs (1691/1722 nucleotides, or 98.2%, if ambiguities in U43712 are resolved as identities, or slightly greater if some gaps are assumed to be artifacts of poor sequence resolution).
After removal of alignment regions that do not contribute information about common ancestry, phylogenetic trees were inferred by maximum likelihood, parsimony and neighbor-joining. In all analyses, the ssu-rDNA of the unusual form of Ichthyophonus formed a sister lineage to the 2 I. hofen ssu-rDNAs (Ragan et al. 1996 , Spanggaard et al. 1996 . In parsimony analysis of the more-inclusive (1840-position) -Perkinsus sp.
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with respect to the remaining 7 characters. The quali-tatively different characters were wall profile of the thallus (smooth for I. hofen sensu Plehn & Mulsow, rough and irregular for the unusual form), germination without seawater overlay (observed and not observed, respectively), and penetration of mycelia into the culture medium (observed and not observed, respectively). The 2 forms differed clearly with respect to their staining profiles with Alcain blue CEC (for carbohydrates) and Ninhydrin-Schiff (for proteins). Moreover, pathological features associated with the infections caused by both forms also differed (Rand 1990 (Rand , 1994 . Lastly, geographical distributions of both forms within the Nova Scotia shelf area also differed considerably (see Rand 1990) . In yellowtail flounder, the unusual form apparently is restricted to the Brown's Bank area, while I. hofen sensu Plehn & Mulsow (1911) is more widely distributed (Rand 1992 ). Although concluding that it was 'tempting to establish this unusual form of Ichthyophonus hoferi as a new species of Ichthyophonus', Rand (1994) pointed to the lack of clarity in the original delineation of I. hofen (Plehn & Mulsow 1911) . He recommended that further data, particularly ultrastructural and molecular, be obtained on both forms before any revision is undertaken. Sequences of the nuclear gene encoding ssu-rRNA have repeatedly proven useful in the identification and assignment to taxa of organisms deficient in unambiguous phenetic characters. Ragan et al. (1996) reported the nuclear ssu-rDNA sequence of Ichthyophonus hofen sensu Plehn & Mulsow (1911) from yellowtail flounder Llrnanda ferrugenea collected on the Nova Scotia Shelf, and Spanggaard et al. (1996) reported the sequence of I. hoferi sensu Plehn & Mulsow (1911) from herring collected in the North Sea. The latter authors also noted that an identical ssu-rDNA sequence was obtained from I. hoferi recovered from rainbow trout, apparently from Japan. These sequences are more than 98% identical with each other and, more importantly, group together stably to the exclusion of the ssu-rDNA from the 'unusual' Ichthyophonus (above and Fig. 1 ). As yellowtail flounder and herring are members of very divergent orders of teleosts, these data strongly suggest that, despite the difference in hosts, the causative organism in each case can be referred to the same genus, I. hofen sensu Plehn & Mulsow (191 1).
Although in pairwise comparisons the ssu-rDNA of the 'unusual' Ichthyophonus isolate is approximately as dissimilar from either of the 2 I. hofen ssu-rDNAs as they are from each other; the pattern of differences (more precisely, of synapomorphies) clearly distinguishes the Ichthyophonus ssu-rDNA from that found in the 2 I. hoferi isolates. As noted above, this distinctiveness enjoys strong bootstrap support in parsimony analysis, is observed with 3 different approaches to tree inference, and is not strongly dependent on whether or not the sparser or more ambiguously aligned positions are included in the analysis. This is despite the fact that the 'unusual' Ichthyophonus was recovered from the same host species (Llmanda ferruginea) and in the same geographical area (Brown's Bank, on the Nova Scotia shelf) as the I. hoferi studied by Ragan et al. (1996) . Added to the morphological, histochemical, physical and developmental differences presented by Rand (1994) , we consider the evidence sufficient to justify recognition of the 'unusual' form of Ichthyophonus as a separate species, for which we propose the name I. irregularis in recognition of the irregular profile of the outer surface of the wall of the coralloid thallus.
The occurrence of a second, distinct type of Ichthyophonus within a single host species raises the possibility that ichthyophonaisis could be produced by different (although related) pathogens, and in some cases, by concurrent infections of the two. Sproston (1944) described and illustrated morphological forms of Ichthyophonus from mackerel that are similar to the 2 forms we have recovered from the Nova Scotia shelf. T.G.R. (unpubl. data) has also recovered yellowtail flounder from the Brown's Bank infected concurrently with both forms of Ichthyophonus. These results also illustrate the likelihood that there is further, as yet, unidentified biodiversity within class Ichthyosporea.
While the new ssu-rDNA trees ( Fig. 1 and results not shown) further solidify the position of Ichthyosporea within the clade of Animals plus Fungi as previously proposed by Ragan et al. (1996) , they do not resolve the question of whether Ichthyosporea is the deepest branch on the line leading to animals or, alternatively, the deepest branch on the line leading to fungi. A position as the sister-group to Animals plus Fungi seems less likely, but cannot be ruled out. Again, ultrastructural data, and sequence analyses of additional genes, are urgently required.
